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ABSTRACT
COMPACTION AND RESIDUAL STRESS MODELING IN COMPOSITE
MANUFACTURED WITH AUTOMATED FIBER PLACEMENT
Von Clyde Jamora
Old Dominion University, 2020
Director: Dr. Oleksandr Kravchenko

Automated fiber placement is a state-of-the-art manufacturing process that allows for
complex layup patterns and can quickly place, cut, and restart composite tows. However, with this
type of manufacturing process layup defects are inevitable, and manufacturing defects propagate
after curing. Process modeling is the considered approach for exploring the defect prediction. Two
different but related works were conducted, which are the thermochemical and hyperelastic model
and the residual deformation model. For the model before cooling, a hyperelastic model and a
thermo-chemical were made to simulate the compaction and heat transfer. Temperature dependent
properties that are a function of degree of cure and glass transition temperature were made. An
exothermic reaction was simulated with the thermo-chemical model which shows the composite
temperature exceeds the applied temperature. Currently, the hyperelastic model shows some
behavior in manufacturing induced defect deformation. The residual stress analysis involves two
tow-steered composite shells, one with overlapping plies and one without. The coefficient of
thermal expansion was measured using digital image correlation and homogenized temperature
dependent properties was derived from the results. The stacking sequence, orientation, and
thickness was used to create a piecewise stiffness matrix on a simple shell element and varying
modeling conditions were applied for a more robust model. The results of the residual deformation
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show that non-linearity and temperature dependence did not affect the resultant geometry. Out-ofroundness data shows that the shells with overlaps can be simulated through shell element while
shells without overlaps did not show good qualitative results.
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CHAPTER 1

INTRODUCTION

Fiber reinforced composites in the study are thermosetting resins with load bearing fibers
that exhibit high specific strength and stiffness. Innovations in automated manufacturing of
composites have progressed to allow the fabrication of complex layups with variable plies which
results in a rapid increase in throughput for advanced composites. Automated fiber placement
(AFP) is a state-of-the-art method that allows for the fabrication of advanced composite structures
with variable fiber orientations and variable thickness [1]. The process involves automatic
deposition and compaction of a tow in a single step [2]. A major source of AFP’s versatility comes
from the ability to quickly lay, stop, cut, and restart individual fiber bundles [3] which allows for
the fiber orientation to vary continuously within a single ply [4]. Unlike other conventional
composite manufacturing methods, AFP allows for complex structure manufacturing in curved
surfaces [5]. Structures made using AFP offer the tailoring for specific loading conditions while
reducing the weight in comparison to conventional layup manufacturing [6]. The capability to
fabricate composites using AFP has been available since the 1980s [1] and widely used in the
aerospace industry [6], [7]. The increase in demand for composites needs automation as an integral
step to a reliable, fast, and efficient manufacturing process for complex structures [8]–[10]. To
fully leverages the advantages of the AFP, a greater understanding of the manufacturing process
is essential to aid in design and certification of novel prototypes [5].
While there are numerous benefits to AFP, the manual manufacturing of composite is still
more prominent [8]. Uncertainties in manufacturing hinder the process and must be analyzed to
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enhance reproducibility of AFP made composite structures. Defects in the composites are
inevitable in the automated fiber manufacturing process [3], [4], [11]. Initial layup defects
magnifies into ply deformation and shifts after consolidation [4], [5]. The presence of layup
defects, such as gaps and overlaps (Fig. 1), have proven to cause an overall reduction in strength
in composites due to the resulting morphology [12], [13] but more research is needed to understand
the effects of manufacturing defects on laminate mechanical properties [14]. It is important for the
certification of AFP to observe and categorize the defects that are produced during manufacturing
[15]. Research into their formation and their effect on material properties is crucial for AFP
certification. Microscopy is a practical tool for observing the surface of a composite while
computer tomography can identify defects within the structure to better visualize the imperfections
caused after manufacturing. With the proper tools, manufacturing defects can be identified and
studied to take the steps to minimizing its effects on composite structures. The study will provide
a good basis for determining the microscopic descriptors of the damage in terms of variable volume
fraction, ply thickness and fiber misalignment. It is important to analyze these defects for their
possible causes and how it influences the final product.
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Figure 1. Initial layup defects affecting the morphology of automated fiber placement
composites

To fully study the manufacturing phenomenon of AFP made composites, all interconnected
physics involved needs to be coupled in a singular model. This include the resin flow, compaction,
and the heat transfer throughout the material. The proposed approach for this research is the
process modeling through finite element analysis (FEA) using a combination of a thermo-chemical
model with a compaction model using visco-hyperelastic constitutive equations. The thermochemical model will use a balanced Fourier’s heat conduction equation to simulate the heat transfer
throughout the composite model. The visco-hyperelastic models consists of two parts, a
hyperelastic component and a viscous component. Only a prototype that contains the hyperelastic
component will be the focused in this study. Understanding the morphology is an essential step in
predicting the damage onset and propagation during the life-time of the composite and its strength
[12]. A validated computational model will aid in the design process and reduce the number of
trial and error in physical testing. Furthermore, it will provide a platform for determining key
parameters for AFP manufacturing. Through these methods, the feasibility of predicting the
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morphology will be determined and how manufacturing parameters can be optimized for less
imperfections. By conducting this research, the goal is to provide a better understanding in AFP
made composites.
After onset of gelation during the manufacturing cure cycle, the mechanical properties of
composites develop and lead to residual stress formation [16], [17] with a major part of the
deformation attributed to the cooling process [18]. Residual stresses accumulate with increasing
thickness of the composite and unsymmetrical distribution can cause distortions [19]. It is essential
to analyze the residual deformation and the associated thermodynamics for a proper analysis of
the manufacturing process of AFP composites. Computational modeling has been shown as an
effective tool for supporting the understanding of experimental characterization and manufacturing
phenomena in composites [20]–[22]. One of the goals of this research is to establish whether
consideration of the cooling process during AFP manufacturing of tow steered shells provide good
correlation with experimentally measured residual deformations for geometric imperfections.
Specifically, if the complex fiber orientation in AFP composite can be modeled using simple shell
elements. The finite element model features numerous elements with varying thickness, stacking
sequence and fiber orientations which forms a piecewise stiffness matrix to simulate the complex
layup patterns found in the tow-steered composite shell. The effects of temperature dependent
lamina properties on a residual deformation analysis of a cylindrical structure with the complex
pattern made from AFP has not been studied in depth. Therefore, nonlinearity and the effect of
material softening at elevated temperatures were employed to understand their effect in FEA
modeling. Finally, the numerical results are compared to experimental out-of-roundness data to
validate the approach.
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1.1

Literature Review and Background: Tow-Steered Composite Structures
Research has been done to utilize the capabilities of AFP with the recent development of

technology such as the Integrated Structural Assembly of Advanced Composites (ISAAC) at
NASA Langley [23]. The system involves a large rotating head that can be detached and quickly
refitted, which results in adaptability to new task. Previous work by Wu [5] into AFP involves the
design and manufacturing of advanced composite prototype shells with complex tow steered
patterns. Two cylindrical shells have a nominal 8-ply [±45, ±θ] s layup where θ refers to a ply with
varying angles that was steered by ISAAC (Figure 2. Figure 2. One shell was made with all 24
tows placed during each pass of the AFP machine, which was designated as Shell A. The second
shell was made using the cut/restart capability of the AFP machine to place individual tows
resulting in a more uniform thickness throughout the model. Although both shells have a similar
orientation pattern, Shell A contains complex stacking due to overlapping plies, which results in a
variable number of plies: from 8 on the sides to reaching maximum of 18 plies on the crown and
keel. It should be mentioned that laid up fiber tow overlaps, in the case of Shell A, undergo
compaction and consolidation during manufacturing. Therefore, it can be assumed that the actual
fiber orientations in the local regions of the overlap do not match the nominal stacking sequences
created during deposition [24]. The present shell analysis does not consider changes in fiber
orientation due to distortion during compaction and consolidation and implements fiber orientation
produced during deposition for the residual deformation analysis. Furthermore, the predicted
residual deformations for Shells A and B were found to be different depending on the steered
pattern utilized during AFP manufacturing. The design resulted in a structure comparable to an Ibeam with the crown and keel akin to the flanges of a beam and the shell sides providing higher
shear stiffness to transfer shear loading [6].
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The shapes of manufactured AFP shells were measured using a coordinate measurement
machine (CMM). A Brown and Sharpe Global Image CMM was used along with PC-DMIS
version 3.7 automation software. The CMM probe was a SP600M, with a resolution of 4x10 -6 in.
and a 50 mm and 20 mm by 4 mm spherical ruby tip. The scans were done every 0.75°
circumferentially (or approximately 0.106 in.), and every 0.1 in. axially. The measurements are
used a metric to measure the computational modeling of the study. The nominal FEM radius that
was mentioned are 8.164 in. for Shell A and 8.166 for Shell B which corresponds to the midplane
radius [5].

Figure 2. Path of the tow steered plies demonstrating the change of angle from crown to keel [5]
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1.2

Thermo-Chemical Process Modeling
For the various interconnected physics that process modeling uses, a significant component

is the heat transfer throughout the composite [25]. The thermo-chemical model calculates crucial
information such as temperature, resin flow, and the degree of cure. The governing equation of
this model comes from a three-dimensional energy balance of Fourier’s heat conduction equation
Eq. 1.

𝜌𝑐

𝛿𝑇
𝑑𝛼
+ 𝜌 𝑐 𝑉 𝛻𝑇 = 𝛻 ∙ (𝑘𝛻𝑇) + 𝜌 𝜈 𝑄
𝛿𝑡
𝑑𝑡

(1)

where the subscripts c and m indicate the homogenized composite and the matrix, respectively.
The ρ, k, Qt, νm, and C indicate the density, thermal conductivity, heat of reaction, fiber volume
fraction and the specific heat. Finally, the T, VD and α are the temperature, Darcy velocity, and the
degree of cure, respectively.
While there are numerous methods to simulating the evolution of the cure for a material,
the resin kinetics was derived from a modified Arrhenius type equation [26] as shown
𝑑𝛼
(𝑘 + 𝑘 𝛼)(1 − 𝛼)(0.47 − 𝛼),
=
𝑘 (1 − 𝛼),
𝑑𝑡

𝛼 ≥ 0.3
𝛼 > 0.3

(2)

∆𝐸
(3)
, 𝑖 = 1,2,3
𝑅𝑇
where the variables Ai are pre-exponential factors, and ∆Ei are the activation energies. R and T are
𝑘 =𝐴 −

the gas constants and the absolute temperature.
1.3

Compaction Modeling using Hyperelastic Constitutive Behavior
The process modeling of composites requires a vast amount of interconnected physics to

fully simulate the manufacturing of composite structures. A novel approach to modeling the
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consolidation of uncured composite is using visco-hyperelastic constitutive equations in a finite
element software. In the work of Belnoue et al. [27], the compaction modelling component consists
of two parts: an elastic model and a viscous model. The elastic model was derived from the works
of Limbert and Middleton [28] where they modeled soft connective tissue using transversely
isotropic visco-hyperelastic constitutive equations. The same principle can be applied to
composites, which exhibit transverse isotropy and show viscous properties during curing and
compaction.
The elastic model uses the deformation gradient tensor F to calculate the Cauchy-Green
deformation tensor, C, and create a constitutive equation based on the Helmholtz free energy
function, ψ. This function is only a function of X, C, 𝑪̇, and N0 which is the position, CauchyGreen deformation tensor, the deformation rate, and the material orientation respectively. It is also
noteworthy that C is a parameter rather than a variable of ψ. The function can now be used to
define the Piola-Kirchhoff stress tensor as:

𝑆 =𝑆 +𝑆 =2

𝜕𝜓
𝜕𝜓
+
𝜕𝑪
𝜕𝐶̇

(4)

It is then possible to form an irreducible integrity bases for C, 𝑪̇, N0 [29]. However, the focus of
1
(5)
𝐼 = 2: 𝑪, 𝐼 = [𝐼 − (1: 𝑪 )], 𝐼 = det(𝑪) , 𝐼 = 𝑵𝟎 : 𝑪, 𝐼 = 𝑁 : 𝑪
2

the study will be on the elastic component only which will use the following five invariants:
Deriving the invariants with respect to the Cauchy-Green deformation tensor yields:
𝜕𝐼
𝜕𝐼
𝜕𝐼
𝜕𝐼
𝜕𝐼
= 𝐼,
= 𝐼 𝐼 − 𝑪,
=𝐼 𝑪 ,
= 𝑵𝟎 ,
= 𝒂⊗𝐶⋅𝒂+𝑪⋅𝒂⊗𝒂
𝜕𝐶
𝜕𝐶
𝜕𝐶
𝜕𝐶
𝜕𝐶

(6)
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where 𝒂 is the fiber orientation vector. Note that 𝒂 ⊗ 𝒂 = 𝑵𝟎 . The focus for the study will be on
the hyperelastic portion of the constitutive equation. To further simplify the equation, the PiolaKirchoff stress tensor can be derived as:

𝑆 = 2

𝜕𝜓
=2
𝜕𝑪

(

𝜕𝜓 𝜕𝐼
)
𝜕𝐼 𝜕𝑪

(7)

Belnoue et al. [27] then chose to express the ψ e with the Neo-Hookean elastic of a transversely
isotropic material potential from Bonet and Burton [30]:

𝜓 = 𝜇 (𝐼 − 3) − 𝜇 𝑙𝑛(𝐽) + 𝜆(𝐽 − 1) + (𝜇 − 𝜇 ) + 𝑙𝑛(𝐽) + (𝐼 − 1) (𝐼 − 1) +
(𝜇 − 𝜇 )(𝐼 − 1) )

where 𝐽 =

(8)

𝐼 . The parameters, 𝜇 , 𝜇 , ∝, 𝛽 and 𝜆 can be expressed as functions of common

engineering constants [28], [31] where the subscript 1 denotes the fiber direction and subscripts 2
and 3 are equal due to transverse isotropy:

𝜆=

𝐸 (𝜈 + 𝑛𝜈 )
𝑚(1 + 𝜈)

(9a)

𝐸
2(1 + 𝜈)

(9b)

𝜇=

𝛼 =𝜇−𝐺
𝐸 𝜈 (1 − 𝑛)
4𝑚(1 + 𝜈)

(9d)

𝐸 (1 − 𝜈 ) 𝜆 + 2𝜇 𝛼
−
+ −𝛽
8𝑚
8
2

(9e)

𝛽=

𝛾=

(9c)

𝑚 = 1 − 𝜈 − 2𝑛𝜈
𝑛=

𝐸
𝐸

(9f)
(9g)
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The Cauchy stress tensor can also now be obtained by pushing forward the Piola-Kirchhoff stress
tensor with the deformation gradient:
𝑒

2
𝜕𝜓
𝜎 = (𝑭 ∙
∙𝑭 )
𝐽
𝜕𝑪

(10)

. The stiffness matrix can be derived by integrating equation 7 which yields equation 11:
2
𝑪𝑰𝑱𝑲𝑳 = 𝜆(2𝐽 − 1)𝑰𝒊𝒋 𝑰𝒌𝒍 + [𝜇 − 𝜆𝐽(2𝐽 − 1)]𝛿 𝛿 + 8𝛾𝒂𝒊 𝒂𝒋 𝒂𝒌 𝒂𝒍 + 4𝛽 𝒂𝒊 𝒂𝒋 𝑰𝒌𝒍 + 𝑰𝒊𝒋 𝒂𝒌 𝒂𝒍
𝐽

(11)

− 𝛼(𝒂𝒊 𝒂𝒍 𝒃𝒋𝒌 + 𝒃𝒊𝒌 𝒂𝒋 𝒂𝒍 ) − 4𝛽(𝐼 − 1)𝛿 𝛿

where I is the identity matrix. To ensure good convergence in a finite element program, the
consistent Jacobian matrix needs to link the Kirchhoff stress to the rate of deformation [32]. This
can be done with a push forward operation on 𝑪 where the transformation is described in ref. [33]
and [34].
1
1
𝑪𝒆 𝒊𝒋𝒌𝒍 = 𝐹 𝐹 𝐹 𝐹 𝑪𝑰𝑱𝑲𝑳 + 𝛿 𝝈𝒊𝒌 + 𝛿 𝝈𝒌𝒍 + 𝛿 𝝈𝒊𝒍 + 𝛿 𝝈𝒌𝒋
𝐽
2

(12)
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CHAPTER 2
DEFECT ANALYSIS

Defects can cause resin rich areas and voids within the composite, which directly impacts
the strength and fatigue behavior [35]. Much of these defects can be traced from the manufacturing
of the composite such as the material orientation deviating during deposition [14]. Currently, the
tradeoff of AFP’s rapid manufacturing in a curved pattern is that the possibility of more fiber
misalignment. In general, layup defects are inevitable when using automated manufacturing
methods of composites. Images present in this chapter for the microscopy were taken with the
Olympus with motorized XY stage and stitching capability and the CT-scans used a ZEISS Xradia
520 Versa 3D X-ray microscope. Micrographs of composites with induced defects, gaps, overlaps
and folds, were taken.
2.1 Defects Resulting from Deposition Process: Fiber Tow Gaps and Overlaps
Materials can vary widely, and as a result the width of a tow used in AFP can also vary
depending on the quality of the material. This can cause positive or negative spaces between the
plies which results in gaps and overlaps in the composite structure respectively [36]. With the
capability of rapidly changing the angle of a ply, tow steering in AFP structures commonly
experience the these types of defects [24]. Gaps and overlaps during cure develop into waviness
and fiber misalignment [13], [37]–[39]. Missing tows also allow for increased resin flow into the
defects which creates pockets of resin rich regions [40]. Figure 3 depicts a composite with a resin
rich pocket and a ply which was transversely squeezed due to the gap. Overlapping plies have also
been shown to cause voids within the composite as shown in Figure 4. The micrograph of a
deposited gap region after consolidation depicts a lack of fiber in the area and in plane waviness
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in the ply which could initiate failure (fig. 5). These effects influence the microstructure and
influence the geometry of the resulting composite structure [41]. Gaps and overlaps can be reduced
by narrowing the fiber width but at the cost of decreasing the deposition rate [14].

Figure 3. CT scan of a resin rich region made from a gap in the layup

Research has been done on the effects of gaps and overlaps of composite structures which
shows gaps and overlaps are found to affect compressive strength of laminates [42]. Resin rich
regions within gaps promotes failure in the area to occur due to localized stresses [35]. With proven
reductions in material properties it is important to identify gaps and overlaps and determine the
parameters that could minimize their impact on manufactured composites.
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Figure 4. CT-scan of overlapping plies that causing voids in the composite.

Figure 5. A micrograph of a gap in an AFP made composite which shows voids and a
highlight to the 0° ply bending because of the fold.
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2.2 Fiber Tow Folds
When a composite fails to adhere onto a surface, the tow may fold out of plane. This results
in undulation in the tow [43]. More importantly, the defect can be caused by fiber steering, which
is a prominent feature in AFP. Due to the nature of a curvature, parts of the composite may
experience stretching or compressing which cause the tow to fold or wrinkle [45]. Research also
states that the material stiffness plays a role in the formation of this defect [45]. Folds obstructs
other plies and can create neighboring resin rich areas, form voids and ply thickness variations
(fig. 6) and cause waviness within the fiber composite. These deformations are shown to be
extensive, which shows the necessity to model such large deformations in process modeling.
Several studies confirm that out-of-plane waviness decreases the strength and stiffness of fiber
composites [46]–[49]. Guidelines for the turning radius to limit the curvature of the tow path with
respect to specific material are available to prevent this defect [50]–[53]. However, with process
modeling a more in-depth study into the optimization of other parameters is essential for the
minimization of this defect.
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Figure 6. CT scan of a fold next to a void
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CHAPTER 3
METHODOLOGY

3.1 Hyperelastic Compaction Model
The formation of defects in composite manufacturing is a problem that needs to be
addressed for the certification of AFP made composites. Predicting defect formation in AFP
composite is therefore necessary to optimize the manufacturing process. The proposed method for
this approach is through FEA. The two distinctive but related works conducted are the modeling
of residual stress deformation for a cylindrical shell made using AFP and the modeling of a
hyperelastic model both of which was done through FEA. Residual stress occurs after the
formation of the elastic and thermal properties and was conducted first. Some concepts were
explored which will part of the second portion of this research. A thermo-chemical model and a
hyperelastic model will be constructed which will be parts of a more comprehensive process
modeling approach.
The process modeling of fiber reinforced composite for defect prediction needs several
interconnected physical models to simulate the heat and consolidation of a thermoset (Figure
7Figure 7). The current work consists of the thermo-chemical model and the hyperelastic
component of the consolidation model. The two models were made to work independently from
one another to ensure that both can be analyzed separately or coupled together in a single process.
Currently the coupling only includes the temperature which is used to derive the homogenized
elastic properties for the hyperelastic model.
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Figure 7. Coupled compaction and heat transfer analysis for predicting defects on AFP
manufactured composites

3.1.1 Thermo-Chemical Cure Kinetics Model
To validate the thermo-chemical component of the visco-hyperelastic model, a prototype
was created in Abaqus with a custom subroutine in UMATHT. The analysis is a simple experiment
to test whether the proposed model can simulate the exothermic reaction of the curing process and
properly model the cure kinetics. The model was a simple 20 mm x 3.0 mm x 20 mm block of a
unidirectional carbon fiber composite (Figure 8Figure 8) with conductivity of 4.9 W∙m-1∙K-1 in the
fiber direction and 0.58 W∙m-1∙K-1 in the fiber direction. The specific heat of the carbon fiber is
904.3 J∙kg-1∙K-1. The model is a transient heat transfer model that simulate the convective heat
loading inside an autoclave. The density of the material was 1520 kg/ m -3 with a fiber volume
fraction of 0.55.
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Figure 8. Thermo-chemical model of a carbon fiber composite

The composite was set to an initial temperature of 291 K, and a maximum thermal load of
450 K was added to the model through a surface film condition with a film coefficient of 50 W∙m 2

∙K-1 The temperature was applied in a classical double hold cure cycle up (Figure 9Figure 9)

spanning 315 minutes with a step size of one second. The cure kinetics used is the aforementioned
modified Arrhenius model (Eq. 2) with constants found in ref. [54]. The heat of reaction as
function of the degree of cure was directly added as internal energy with a total value of 474.9 kJ.
The cross-linking reaction of the thermoset is expected to produce exothermic heat. The low
conductivity of the composite will create a concentrated temperature in the middle of the composite
as the reaction occurs.
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Figure 9. The applied temperature over time of a double hold cure cycle

3.1.2 Hyperelastic Compaction Model
The initial step to a functional visco-hyperelastic model involves modeling the hyperelastic
component, which is attributed to fiber bed compaction. As previously discussed, the elastic model
is a constitutive equation that involves invariants of the Cauchy-Green deformation tensor. As an
initial simulation for the modeling of the hyperelastic component a simple model with 40
hexahedral elements which has three 0.01 mm thick layer and a length and width of 0.04 mm. A
gap was modeled in the center which was 0.01 mm thick, with a length and width of 0.02 mm x
0.04 mm (fig. 10). The density of the material is 1590 kg/m 3.
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To determine the properties of the resin, a function of the glass transition temperature, and
the degree of cur was utilized. The glass transition temperature was calculated using Dibenedetto’s
equation [55]. The elastic modulus was then calculated with the isothermal and cooling equations
found in ref. [56] using an equation with the capability to transition between the isothermal phase
and the cooling phase. The properties of the composite were then derived using Schapery’s
homogenization and carbon fiber were derived from literature [57], [58]. The Arrhenius model
was used to calculate the degree of cure, which in turn was used to derive the glass transition
temperature. The elastic properties of the matrix were calculated as a function of glass transition
temperature and the degree of cure. With the fiber properties held as a constant, the properties of
the matrix and the fibers are homogenized for the composite properties using the equations in
Appendix 1.

Figure 10. The FEA model for the elastic component

The analysis was done in Abaqus with a UMAT and UMATHT subroutine. UMAT was
used to calculate the stiffness matrix for the analysis of the equation and UMATHT was used for
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the calculation of the heat transfer, exothermic heat reaction, temperature, and the degree of cure.
The same cure cycle was used as in the heat transfer model (Fig. 11). UFIELD and USDFLD were
used to supply the material orientation vector for each integration point which is used to rotate the
stiffness matrix appropriately. For stability, the maximum time increment used was 0.25 seconds
and a damping factor of 0.2 was used. Furthermore, the Cauchy-Stress tensor was modified as
equation 13.
𝐶̅ = 𝐶(𝐽 )

(13)

where 𝐶̅ and the J is the Jacobian of the Cauchy-Stress tensor. This is to analyze only the volume
preserving contribution of the tensor. The pressure was ramped from ambient 101 kPa to 434.7
kPa and then the pressure steadily increases from 434.7 kPa to 483 kPa for 215 minutes. The
boundary conditions and the measurements of the model are shown in Figure 16. The bottom has
Z-direction boundary conditions, and Y-direction boundary conditions on the center of the
composite are shown in the Y-Z plane of the picture. Symmetrical boundary conditions were
applied to both planes facing the X-direction.
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3.2 Residual Stress and Deformation Analysis
3.2.1 Digital Image Correlation
The thermal expansion properties of AFP manufactured unidirectional lamina were used
to model the residual deformation in the AFP shell structure. Digital image correlation (DIC)
provides a reliable and tested method to measure the strain due to thermal expansion in composites
[26], [27] to use for the present study. The surface displacement and corresponding strain fields,
as a result of unconstrained thermal expansion, are determined using the analysis. GOM correlate
(GOM, Braunschweig, Germany) software was used to measure the thermally induced strain on
the composite surface.

Figure 11. The Boundary conditions and the measurements of the FEA model
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The goal of this research is to investigate the cooling of AFP made composite in complex
structures through simple FEA models. An experimental part was conducted for the properties of
the model. The resulting morphology of the composite was measured and compared to out-ofroundness data derived from experimental CMM measurement
The material used in the present work was Hexply® IM7/8552 prepreg with low tack
behavior, which is specifically developed for the AFP process. Rectangular samples of cured
unidirectional composite with dimensions of 1.2 in. x 1.6 in. were used to analyze the thermal
expansion. Each specimen was 24 plies (0.158 in.), for an average of 0.0066 in./ply. A Dino-Lite
Edge 3.0 digital microscope was used to take pictures of the composite for DIC analysis during
thermal heating. A long lens cap was used for low magnification pictures and care was taken to
avoid light glare obscuring the view of the speckle pattern. The camera was calibrated to provide
perpendicular orientation with respect to the plane of the sample, and the coordinate system was
aligned for the measurement of thermal strain data in fiber and transverse to the fiber direction.
Fig. 12 shows the experimental setup used for determining the coefficient of thermal expansion.
The speckle pattern, shown in Fig. 13a, was painted by spraying the surface of the sample
at an angle with white acrylic paint to contrast the dark colored composite surface. A thermocouple
was placed next to the sample and was used to measure the temperature of composite, while the
images for the DIC analysis were recorded using the digital microscope. A glass cover was placed
over the sample to create a more uniform temperature around the sample.
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Figure 12. Schematics of DIC setup

The references for the DIC analyses were taken at room temperature of 68º F. The
experiment was initiated by ramping the temperature to 86º F and then increasing the temperature
in 36º F increments up to 302º F, and at smaller intervals of 18º F up to 367º F which the strain
profile is shown at Fig 13b. The sample was heated to each isothermal condition in the considered
temperature range and allowed to reach thermal equilibrium for 10 minutes. Six trials were done,
which were three repetitions of two samples each of the same material. The area of interest within
the sample was analyzed by determining the thermal strain in principal material directions for each
isothermal temperature condition [59]–[61]
3.2.2 CTE Analysis
The laminate was assumed to be transversely isotropic with principal directions given by
longitudinal (fiber) and a transverse direction. Expectedly, the strain exhibited anisotropic
properties with the transverse direction showing a higher magnitude than the longitudinal direction
due to epoxy matrix dominated properties [62], [63]. Two samples were used for the measurement,
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with three tests conducted on each one. CTE was measured by calculating the slope with a simple
linear regression of temperature versus strain plots which gives the thermal strain, ∆𝜀
∆𝜀

= 𝐶𝑇𝐸 x ∆𝑇

:
(14)

where 𝑖 = 1,2 denote fiber and transvers to the fiber directions respectively.
The CTE in fiber direction ranged from a minimum of -1x10 -6/°F to a maximum of 2x106

/°F with an average and standard deviation of 0.75 0.943 x10-6/°F. The transverse CTE direction
-6

was recorded with a range from 16x10-6/°F to 24x10 /°F with an average of 20.6 4.49x10-6/°F
(fig. 13). The experimentally measured thermal expansion coefficients were determined below the
glass transition temperature, which corresponds to the temperature range for cooling regime during
the manufacturing cycle and therefore these CTE values were used for the FEA modeling
discussed in the following section.
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a.

b.
Figure 13. a. Speckle pattern for Digital Image Correlation analysis b. Strain Profile at 367 º F
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Figure 14. CTE in fiber and transverse directions

3.2.3 Self-Consistent Field Micromechanical Relations
A change in temperature of a composite consequently affects the mechanical properties
leading to material softening with temperature [16], [64], [65]. To study the role of composite
softening with increased temperature on the residual deformation during the cooldown stage, the
lamina properties were calculated as a function of temperature using the self-consistent
micromechanical model for elastic properties and Schapery’s homogenization for the CTE [66],
[67]. Temperature-dependent properties were calculated assuming constant carbon fiber
mechanical properties and epoxy matrix moduli, which decrease linearly with increased
temperature below the glass transition [68] as shown in Table 1, with corresponding CTEs for fiber
and matrix. The carbon fiber properties were selected to agree with the room temperature lamina
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moduli reported in Ref. [69], [70] then the lamina properties were calculated as a function of
temperature using the micromechanical model.
The predicted change in lamina properties showed that fiber dominated properties were not
affected by the temperature, namely values for ν 12 and E1 which remained relatively constant,
changing about 0.1%, for the temperature range. The value that exhibited the most change is G 12
which decreased about 20% from its room temperature value. The CTE in the fiber direction shows
a significant change, however the value of the coefficient is rather small, as it only changes by a
magnitude of 0.3x10-6/Fº. Unlike the other properties, the transverse CTE displayed an increase of
0.1%. This indicates that lamina CTE is mostly unaffected by the change of temperature unlike
the elastic mechanical properties.

Table 1. Carbon Fiber Properties
Material constants
Longitudinal
modulus (Msi), E1
Transverse modulus
(Msi), E2
In-plane
shear
modulus (Msi), G12
Out-of-plane shear
modulus (Msi), G23
Major
Poisson's
ratio, ν12
Longitudinal CTE
(10-6/Fº), α1
Transverse CTE (106
/Fº), α2

Fiber
Properties
29.7
2.17
3.77
8.63
0.26

Matrix Properties
Room
Temperature

Properties at
354 ºF

0.435
(isotropic)

0.287
(isotropic)

0.167
(isotropic)

Lamina properties
Room
Properties
Temperature
at 354 ºF
19.48

19.43

1.36

1.04

0.756

0.528

0.583

0.441

0.347

0.346

0.75

0.90

20.05

20.05

.105 (isotropic)

0.30

-0.5
22.78 (isotropic)
8.3

29
3.2.4 Finite Element Analysis and Residual Deformation Measurement
Residual stress analysis was done with consideration to Wu’s [6] AFP composite shell.
The two shells were modeled and labeled Shell A and Shell B, with and without overlaps,
respectively. The finite element models are modified after White’s et al. [20] study that considered
buckling and post-buckling analysis of these shells. Therefore, the established homogenized
lamina properties were used in the present study as well. A four-node shell finite element
formulation was employed, with the variable fiber orientation, corresponding to the stacking
sequence produced during the deposition of AFP tows [20], [71]. The composite structure model
consists of shell elements that consist of 51 sections for Shell A and 174 different sections for Shell
B with unique layups, orientations, and thicknesses. This results in a piecewise stiffness matrix for
the model to simulate the unique layup patterns in the composite structure.
The shell model included as manufactured configurations of the AFP shell (fig. 15) which
had 7 in. removed prior to compressive testing [20]. The radius of the mandrel used in the
manufacturing of the composite shells had the nominal radius of 8.133 in. [5] and is assumed to
be made of steel with a CTE of 7.6x10-6/°F. The increasing in temperature from 73.4 °F to 352.4
°F expands the mandrel about 0.015 in. to 8.15 in. radius. The study observes the effects of residual
stress due to cooling in complex AFP layup using composite shells elements in FEA. The mandrel
expansion radius was added to the finite element model to account for the tool expansion at the
initial temperature. The FEA program Abaqus Unified FEA (Dassault Systems, VélizyVillacoublay, France) was used to analyze the residual deformations during the cool down stage.
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Figure 15. As-Manufactured AFP composite shell on the tool mandrel [5]

This work explores the effect of the layup configuration, produced due to steered pattern
in AFP manufacturing, on thermally induced stressed during the cool-down stage. The laminates
are modeled using shell finite elements that mimic the nominal layup sequence during AFP
deposition stage. Naturally, due to differences in the deposition between the case with and without
tow overlaps, the local thickness in the physical cylinders is not uniform. This is especially in the
case of the overlapping tows that produce much thicker crown and keel. The variation in the
thickness for the case of no fiber tow overlap is significantly smaller, as discussed in the
subsequent sections. The effect of non-uniform thickness is considered in the simplifying shell
formulation.
Eight models in total were ran to test various conditions, namely geometric linearity/nonlinearity, constant/temperature dependent lamina properties, and shell geometry with or without
overlaps. A uniform temperature field of 352.4º F was initialized for the model and lowered to
73.4º F to simulate cooling during manufacturing. A cylindrical coordinate system is used to
analyze the out-of-roundness residual deformation patterns.
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3.2.5 Post Processing
An algorithm developed by the European Association of National Metrology (EURAMET)
Institute was used to find the best fit cylinder for the deformed shells. The least squares method
was used to minimize the squares of difference in radial distance between the coordinates of the
deformed shell and the best fit cylinder (eq. 15),

{(𝑥, 𝑦, 𝑧), (𝑎, 𝑏, 𝑐), 𝑟} 𝑚𝑖𝑛𝑖𝑚𝑖𝑧𝑒

𝑑 ;

(15)

𝑑 = (𝑥 , 𝑦 , 𝑧 ) − 𝑟((𝑥, 𝑦, 𝑧), (𝑎, 𝑏, 𝑐))

where (𝑥 , 𝑦 , 𝑧 ) are the coordinates of the deformed configuration, r is the radius of the best fit
cylinder, with orientation defined by coordinates ((x, y, z), (a, b, c)). EUROMETROS’s function
implements Least Square Fit Cylinder routine and outputs the parameters of the fitted cylinder.
Fig. 16a shows the radial deformation of the shell due to cooling. Using the best fit cylinder
analysis, the out-of-roundness is calculated, which is the difference between the coordinates of the
deformed configuration to the fitted cylinder (Fig. 16b). These calculations are performed using
MATLAB (Mathworks, Natick, MA, United States).
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a.
b.
Figure 16. a. Deformed shell configuration; b. out-of-roundness plot
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CHAPTER 4
RESULTS

4.1 Thermo-Chemical Model
The results of the modeling show a functional model to simulate the heat transfer
throughout the material. The center temperature, total heat of reaction, and degree of cure were
measured. The plot of the degree of cure was probed at the center of the model (Fig. 17) follows a
curve commonly found in thermoset composites [72]. The gelation process of the composite is
marked by a rapid increase in the degree of cure from about 30 minutes to 58 minutes and a steady
slope towards a fully developed resin.
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Figure 17. Degree of cure over time

As the composite cures, it undergoes an exothermic heat reaction due to the polymerization
of the matrix, and the magnitude of heat released depends on the mass of the resin. Since carbon
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fiber composites have low conductivity, the heat from the reaction takes a relatively long time to
dissipate through the material. As a result, the temperature at the center of the material surpasses
the applied temperature (Fig. 18). The surface of the temperature also experiences the same
phenomenon, but to a lesser extent. The exothermic reaction is most apparent in the first hold phase
of composite curing (Fig. 19). The energy released by the exothermic reaction is also shown in the
internal energy plot by the dip in the value at 60 minutes (Fig. 20). The maximum temperature in
the model is 477 K, which is 6% hotter than the maximum applied temperature. This phenomenon
is commonly observed during the curing of thermosets, and is especially apparent in thicker
composites [73], [74].

Figure 18. Exothermic reaction of the composite causing the center temperature to surpass the surface
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The development of material properties is primarily dependent on the degree of cure during the
curing phase of a composite. A change in temperature will also mean the formation of residual
stress within the material [62]. Since material properties change with the gelation of the resin, it is
necessary to evaluate the change of the degree of cure and the heat transfer through the material.
Therefore, it was necessary to construct a preliminary thermo-chemical simulation as the base of
the process model.
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Figure 19. A plot displaying the exothermic reaction with applied and center temperature
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Figure 20. Internal energy plot showing released from the exothermic reaction

4.2 Elastic Compaction Model
The thermo-chemical analysis of hyperelastic model displays different results from the
previous model due to differing geometry. Since the temperature and the rate of the temperature is
constant throughout due to it being a thinner composite compared to the previous, there was no
heat flux present in the model. The exothermic reaction of the composite was not enough to make
a significant difference in applied and nodal temperatures since there was less mass in comparison
to the thermo-chemical model test. However, it is the same thermo-chemical model used in the
previous section which proved to adequately simulate heat transfer with an exothermic reaction.
The curve of the degree of cure shows a curve with a discontinuity at 60 minutes that corresponds
directly to the hold phases of the cure cycle (Fig. 21).
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Figure 21. Degree of Cure curve of the elastic model.

The development of the elastic modulus of the resin is shown in Fig. 21. During the initial
ramp of the temperature and pressure, the modulus is shown to be relatively low. However, when
the resin begins to cure, the modulus is shown to increase logarithmically coinciding with the
rapidly increasing degree of cure. A steep increase in the modulus coincides with the gelation of
the resin. The development of the composite properties was governed by the changing resin
properties. Most of the properties follow the trend of the resin modulus, with the exception of the
poison’s ratio and the homogenized longitudinal elastic modulus where their values remain
relatively constant which can be attributed to the Poisson’s ratio and the longitudinal modulus
being mostly fiber dominated. The normalized elastic properties are shown in Figure 22 with the
horizontal line following the X-axis being the Poisson’s ratio and the longitudinal elastic modulus.
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For conventions, the stacking sequence is the z-direction, the center ply is 90° with its fiber
direction pointed at the X-direction and the top and bottom plies are 0° have their fibers pointed
in the Y-direction. With the pressure being applied at the top surface of the composite, the model
has expectedly collapsed inwards into the defect. The top, bottom, and sides of the surface of the
defect is shown to have deformed inwards. The top surface of the composite has a concave shape
while the bottom 0° has mostly compressed outwards. The sides of the 90° ply are shown to have
slight transverse deformation however, most of the deformation is shown to have occurred within
the defect. Figure 23 exhibits a magnified view of the deformation that has taken place in the
composite. The y-directions’ stresses show that its mostly concentrated on the 90° ply with the
inside surface experience tensile forces and the outside surfaces experience compression (Fig. 24).
This indicates that the pressure causes the ply to expand transversely. Most of the z-directions’
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stresses are also concentrated in the 90° ply with some at the centers of the 0° plies (Fig. 25). This
shows that the compression of the model happens mostly in the center ply. The strains in Figure
26 shows that the 90° ply experiences both tensile and compressive strain while the 0° ply is all in
tension. The strain in Z-direction is mostly straightforward, with the 0° ply showing tensile strain
in the center, while the 90° is under compression (Fig. 27). The angle at the defect was analyzed
and compared to the resin rich region of the defect shown in CT scans in the previous a section.
Fig. 28 shows that both the model and the CT-scan exhibit a wedging behavior where the top and
bottom plies bend inwards towards the defect. However, the unlike the CT-scan, the middle ply of
the model does not expand transversely. This shows that the model needs proper contacts in
between the plies instead of being modeled a single geometry. While it is a good foundation for a
visco-hyperelastic model, more research and work are needed to fully explore the model behavior
under different boundary conditions.
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Figure 23. The deformed shape of the model

Figure 24. Stresses in the Y-direction
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Figure 25. Stress in the Z-direction

Figure 26. Strains in the Y-direction
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Figure 27. The Strains in the Z-direction

a.

b.

Figure 28. A side by side comparison of the angles the two plies make in a defect region
between a.) the finite element model and b.) the CT-scan
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4.3 Residual Deformation Analysis
The experimental out-of-roundness data was used as the metric to compare to the results
of different FEA analyses. The key cross-section areas of the cylinder were selected, namely at the
outer edge, 8.75 in. away from the edge (denoted as “quarter”) and the midpoint location (Fig. 29).
The model used a pinned boundary condition at the crown location and a roller at the keel. These
boundary conditions were chosen to avoid over-constraining the model due to anisotropic thermal
contraction during the analysis. The best fit cylinder algorithm, which was used for the deformed
shape analysis, can effectively account for the rigid body rotation, which is possible due to the
applied boundary conditions.

Figure 29. Boundary Conditions to prevent rigid-body motion
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4.3.1 Shell A
The experimental out-of-roundness plot is shown in Figure 30. The out-of-roundness plots
demonstrate a consistent pattern between experimental and numerical data, with characteristic
symmetry with respect to 180º angular position (Fig. 30). The location of crown is at 0 o and 180o,
which is also the location of the thickest layup in the cylindrical shell, as a result of designed fiber
tow overlaps. This layup configuration results in locally stiffer crown region in longitudinal
direction, that is expected to produce a more thermo-elastic anisotropy during cool down and is
responsible for the observed out-of-roundness deformation pattern. Overall, the predicted
deformed shape shows good qualitative agreement with the experimentally observed deformation
patterns (Fig. 31) using both linear and nonlinear FEA, as well as constant and temperaturedependent material properties.
Both numerical and experimental deformed shapes exhibit outward deformation with
respect to best fit cylinder at the 180º and 360º locations, with the highest radial deformation, 0.04
in., located near the edges of the shell. At the midpoint location at 90° and 270° there were inward
deformation in both experimental and modeling results, with the lowest inward radial deformation
measured to be -0.045 in. The radius of the FEA model was 8.180 in. prior to cooling analysis,
given by the midplane radius. With a standard deviation of 0.00076 there was no significant
difference between the best fit radii for different conditions for the analysis, e.g. non-linearity or
temperature dependent properties (Fig. 31). The best fit cylinder for Shell A has an average radius
of 8.135 in. after cooling, while the best fit for the experimental data was about 8.144 in., giving
the difference of 0.009 in.
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Figure 30. Experimental out-of-roundness plot for shell A, shell with overlaps

Certain areas of the numerical model, such as the edge, display higher average amplitudes
of the out-of-roundness than that of the manufactured prototype. However, the overall patterns of
the model give adequate representation for the geometry due to residual deformation. The
amplitudes of the experimental and the numerical models had a peak difference of 0.028 in. which
occurred around the edge with an average value of 0.011 in. The midpoints and the quarter point
comparisons display even better correlation with lower average difference of 0.009 in. for the
midpoint and 0.005 in. for the quarter (Fig. 32). These results indicate good correlation of the
model prediction with the experimental data, despite Shell A having a layup which produced more
variation in thickness. The existing differences between the experimental and numerical model can
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be attributed to the complex layup and unaccounted processing factors preceding cooling, e.g.
chemical shrinkage [16]. However, the overall similarity of the shape demonstrates that residual
deformation in complex composite structures, such as Shell A, to be modeled using shell based
FEA.
Shell A

Constant properties

Temperature dependent properties

8.1347 in.

8.1340 in.

Linear
analysis

Best Fit

NonLinear
analysis

Best Fit

8.1361 in.
8.1351 in.
Figure 31. The out-of-roundness for the numerical models
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Figure 32. Difference between the Top, Mid and Quarter deformation as predicted by the analysis and experimental
results for Shell A
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4.3.2 Shell B
The FEA model for shell B had a similar radius of 8.180 in. The experimental out-of-roundness
plot for cylindrical shell without overlaps displayed a different pattern than the one previously
discussed for Shell A. The characteristic feature of the experimentally observed pattern is the
antisymmetric nature with respect to 180º angular position (Fig. 33). The global deformed pattern
for the shell without overlaps as predicted by the analysis did not resemble the experimental
deformation out-of-roundness plots as closely (Fig. 34). Numerical analysis resulted in an
antisymmetric deformation patterns, however, the experimental deformation pattern had different
out-of-roundness profile. The experimental deformation pattern along the edge can be seen with a
positive radial deformation between 45º to 90º, and 225º to 270º while negative, inward
deformation, shown between 135º to 180º and 315º to 360º (Fig. 34). Moving away from the
cylinder’s edge, the out of roundness shows the periodicity in the deformation pattern with period
of 180º.

Figure 33. Out-of-roundness plot for shell without fiber tow overlaps (Shell B)
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The FEA model prediction showed some similar characteristics to experimental pattern,
like positive radial deformation between 45º to 90º, and 225º to 270º and negative radial
deformation between 135º to 180º and 315º to 360º at the edge of the shell. However, the out-ofroundness propagation toward the middle location of the shell looked quite different between the
model and experimental results. This suggests that certain factors affect residual deformation, like
tool-part interaction and chemical induced shrinkages, which may play more significant role for
the overall residual deformation for Shell B, as compared to Shell A. This can be due to
significantly stiffer longitudinal configuration exhibited by Shell A, due to thicker crown location
as a result of overlapping 10-degree tows.
The experimental out-of-roundness shows amplitudes from -0.05 to 0.04 in., while FEA
models range from -0.03 to 0.03 in. Shell B modeling prediction showed similar to Shell A
difference in residual deformation between experimental results near the edge, as shown in Fig.
35. The largest peak for out-of-roundness difference between experiment and the model is 0.031
in. at the edge location, with an average of 0.018 in. The midpoint location shows an average of
0.014 in. , while the quarter location displays the average of 0.013 in. (Fig. 35). The best fit cylinder
for the deformed Shell B model was 8.157 in. on average, which is higher than the nomianl
experimenta inner radius of 8.146 in. for manufactured prototype. The best fit difference of shell
B is about -0.011 in. which his larger than the best fit difference of Shell A. The best fit difference
of Shell B is also larger in comparison to the experimental best fit, indicating a lack of residual
deformation in the FEA model. The difference in best fit in Shell B supports the idea that other
phenomena may be responsible for the overall shrinkage. The standard deviation of shell B is
0.000206 which shows that the FEA results, the effects of linearity and temperature dependence
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do not seem to signficantly affect the overall pattern of the out-of-roundness, which remains
consistent for all the analyses.
Shell B

Constant properties

Temperature dependent properties

8.1575 in.

8.1571 in.

Linear

Best Fit

NonLinear

Best Fit

8.1570 in.
8.1570 in.
Figure 34. Numerical out-of-roundness plots for Shell B
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Figure 35. Difference between the Top, Mid and Quarter deformation as predicted by the analysis and
experimental results for Shell B

4.3.3 Discussion of Results and Model Sensitivity to Lamina CTE
The magnitude of the out-of-roundness difference of both shells show that Shell B displays
a larger value (Fig. 36). However, these differences are considerably small in comparison to the
radius of the best fit cylinder (~8.144 in.). No apparent improvement in residual deformation
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prediction was obtained by including non-linear geometry or linear hardening of the laminate
properties during cool down. This suggests that including chemical induced shrinkages can
potentially provide a better correlation with experimentally observed residual deformation
patterns.

0.032

TD - Temperature
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NL - Non-Linear
L - Linear
C - Constant

0.031

Difference (in)
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TD-NL

C-L

C-NL

TD-L

TD-NL

Shell B (without Overlaps)

Figure 36. Peak difference values for the eight numerical models

To measure the sensitivity of the predicted residual deformation plots, the lowest and
highest CTE values for 1,2 obtained from the experimental measurements were used. Both cases,
with low and high lamina CTE, were ran with constant material properties and linear geometry.
Furthermore, since the most difference in residual deformation is found near the edges of the shells,
this location was used for sensitivity analysis. Fig. 37-38 show the difference in residual
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deformation for Shell A and Shell B for models with different CTE values. Results for Shell A
show a trend to changing the CTE from low to high CTE values (Fig. 37). The plot shows a
consistent trend with the out-of-roundness difference plot, which displays that lower CTE values
decreased the difference by 12%, whereas higher values increased the difference by 8% compared
to the average values. This demonstrates the Shell A model’s sensitivity to changing material
parameters. The plots for Shell B do not have a consistent trend between high and low CTE values
(Fig. 38). Differences in the crown and keel, 0° and 180°, for Shell B show that the low CTE
displays a larger difference than the higher CTE, however, the sides at 90° and 270° display less
sensitivity to changing coefficients. In average, the low and high increase in the out-of-roundness
was by 2% and 0.2% respectively. This indicates that the crown and keel of Shell B are more
sensitive to changing CTE than its side. The results for Shell B’s analysis supports the idea that
residual deformation analysis using uniform values of homogenized lamina CTE cannot model the
deformed configuration of steered AFP structure entirely, as well as, that other factors, like thermochemical induced shrinkages prior to cool down can play a role for this shell configuration. The
mixed results of modeling residual deformation indicate that a significantly stiffer Shell A
structure, with stiffness EIy of 1465.803 Mlb-in2 as compared to 780.882 Mlb-in2 for Shell B [6],
due to fiber dominated crown, can be less sensitive to local variations in the ply microstructure as
a result of compaction of the fiber tow gaps and overlaps during manufacturing.
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Figure 37. Shell with overlaps sensitivity plot
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CHAPTER 5
CONCLUSION

The analysis of manufacturing induced defects is necessary for the certification of
automated manufacturing of composites. Gaps and overlaps produce resin rich areas and voids that
promote damage initiation due to localized stresses and reduces the overall strength of the material.
Folds create waviness in the material which also proves to reduce the elastic properties. CT
scanning and microscopy are effective methods to identify and characterize the types of layup and
manufacturing defects in composites. Since the formation of defects is inevitable in composites
manufactured through AFP, more research is needed to minimize defect formation through
optimization of manufacturing parameters. The proposed approach for exploring defect formation
in composite is through interconnected physics model for this approach is through FEA. The model
consists of a thermo-chemical model and a visco-hyperelastic model. Using process modeling, the
full curing cycle can be simulated with a defect induced composite.
For the prediction of the manufacturing induced defect every part of the process needs to
be modeled. A thermo-chemical model is necessary to simulate the heat transfer throughout the
model to capture phenomena such as the exothermic heat reaction. This causes the center of the
composite to experience higher temperature than the applied and is especially true for thicker
composites. In conjunction with the heat transfer, the cure kinetics was also derived in the same
model using a modified Arrhenius model. Since the plots of the degree of cure and temperature
display appropriate trends, the prototype of the thermo-chemical model is verified. Temperature
dependent properties were used to calculate the changing properties where it is shown mostly to
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follow the trend of the development of the resin elastic modulus. Using invariants of the Cauchydeformation tensor, a hyperplastic constitutive model is made. The overall behavior of the
composite shows that it forms a similar geometry in comparison to CT-scan made from the same
layup defect, but the middle ply does not show appropriate transverse deformation. This shows
that the elastic component is inadequate for fully simulating the process model at the its current
state. The missing viscous component is needed to simulate the mass flow of the resin to fully
simulate the compaction of the composite. However, the heat transfer, cure kinetics, and cure
dependent elastic properties were successfully incorporated within the model. The elastic
properties of the composite are shown to be directly proportional to the development of the resin.
The cooling process of the manufacturing creates residual stresses that affect the resulting
morphology especially in variable stiffness structures made through AFP. The validity to predict
the thermally induced deformation was shown in the study. Digital image correlation was used to
measure the CTE. Temperature dependence was used using previously discussed micromechanical
homogenization methods. The residual deformation was measured, and a best fit cylinder was used
to compare the experimentally measured data with the FEA model deformations. Two prototype
shapes were analyzed, one with and without overlaps, with varying results. The shell with tow
overlaps (Shell A) provided a good correlation and a close resemblance to the experimental
residual deformation. However, the resultant deformation of Shell B did no show good qualitative
agreement. The largest difference is exhibited at the edge with an average of 0.011 in. for shell A
and 0.018 in. in for shell B. The role of linearity and temperature dependent lamina properties was
analyzed, and results show the standard deviation in the difference between the modeled and
experimentally deformation does not differ significantly. Specifically, the standard deformation of
shell is 0.76E-3 in. for shell A and 2.06E-3 in. for shell B which suggests the insensitivity of the
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modeling conditions. The analysis provides a good method to determine the geometry of the
resulting cylindrical composite. Overall, the present work suggests that a shell modeling approach
be used to simulate process induced deformation in cooling phase in certain cases. Using nonlinearity and softening material properties also exhibits that the modeling conditions does not
affect the residual deformation analysis significantly. Despite these observations, the process
seems indicates that a complex layup can be predicted with simple shell models.
For the automation of composite manufacturing, more testing is needed to minimize the
defects that occur with the process. Process modeling is a good method for determining the
manufacturing parameters that effect the morphology of the composite. However, there is much
more work and research needed to continue this current study of process modeling of AFP made
composites. Large temperate spikes from an exothermic heat reaction due to the gelation of
composite was successfully demonstrated by the thermo-chemical model. Temperature
dependence was incorporated into the visco-hyperelastic and residual deformation models.
Despite the hyperelastic component of the visco-hyperelastic model being incomplete, it is a good
start to a fully functional model. Lastly, the research so far has shown that finite element analysis
can model the residual deformation of composite shells.
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CHAPTER 6
FUTURE WORK

There is much more work to be done to develop the complete the process modeling scheme,
including experimental validation. A finite element model of an AFP made composite with
embedded defects needs to be constructed. This model needs to include the complex layup in a
variable stiffness structure. The current elastic model geometry has a coarse mesh due to
convergence issues. Therefore, it will be necessary to make the mesh finer in the future especially
in areas of interest such as where the defects are located. The thermal expansion of the model has
not been implemented which will use Schapery’s homogenization for a temperature dependent
variable. The viscous component of the visco-hyperelastic model still needs to be determined and
programmed as there are numerous approaches to this subject. An unused term in the heat transfer
equation is yet be incorporate which simulates the resin flow through the structure. This affects
the energy balance with the Darcy velocity term, a function of viscosity that is based on the degree
of cure. Creeping behavior from the constant pressure of an autoclave also needs to be added into
the model. Finally, the residual stress analysis needs to be conducted, similar to the work with the
tow-steered shells, to cover the whole manufacturing process of a composite. There are much more
components that the overall model that is missing, but with the development of the major
components of the model the model can be coupled together in a future as a single process.
Many unexplored ideas can be incorporated into the analysis, such as a stochastic process
involving fiber misalignment [76]. For the residual deformation in the cooling phase, thermochemical shrinkage prior to cooling and variation in local ply microstructure could play a role in
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the residual stress analysis. More compliant structures such as Shell B may be more susceptible to
this process induced phenomena. A field variable representing the mass flow through the fiber
volume fraction needs to be incorporated for an interesting study into stochastic modeling of the
manufacturing of composite structures. This can be used to represent resin rich environments using
a low volume fraction number. A phenomenon known as locking can be also be used to model a
transition between the squeezing flow and the Darcy flow in the composite where the latter is
marked by the loss of resin mass due to bleeding flow in the composite sides [27]. Since there are
numerous physics involved in stimulating manufacturing, there is much more potential ideas to
add for the model to be as realistic as possible.
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APPENDIX A: SELF-CONSISTENT FIELD EQUATIONS
Homogenized Properties using the Self-Consistent Field Equations and Property Relations
The subscripts m and f refer to the epoxy matrix and fiber properties respectively. E 1f and E2f are
the elastic modulus for the fiber in the fiber and transverse directions, respectively. G 12f and G23f
refer to the in-plane and out-of-plane shear moduli for the fiber, respectively. ν 12f is the major
Poisson’s for the fiber. Em, Gm and νm are the Young’s modulus, shear modulus and the Poisson’s
ratio for the epoxy matrix, respectively. Vm and Vf are the volume fraction for the matrix and the
fiber, respectively.
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